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Executive Summary
Since 2014 the Advanced Energy,

Conversion (AEC) Project has exarméh B Lattice

novel nuclear reactions in materiakeat Cold D Hot D

absorb large quantities of deuterium fu
tightly held in a lattice These experi- — . ' 6
mentsculminated in a bremsstrahlung i

radiation campaign t_haltep_eatedlyln— Lattice/plasma

duced nuclear reactions in deuterat — Coulomb screening

metals According to the theory devel- Figurel: Neutronheatinginducedfusion in adeuteratedlattice

oped during the projectthe netal lat-
ticed megative electronscreemd positively charged deuterorie overcone the electrostatic barrieo
achievenuclearfusion initiated by photoneutrong his discovery opens a new path foitiating fusion
reactions for the scientific communitnd possibly deep space power for NASAe prestigious journal,
Physical Review GQPRQO), publishedthe experimental observations and the underpinning thiadtar
April 2020 issueA followup virtual Workshopwas held on May 21, 2020 using the Webex platftom
present the journal papers and have a NASA panel of expetlisate the research anddtsplication
Subsequently, NASA Technical Papdesived from the journal papessd Workshop material appear-
ing on theNASA GRCLCFwebsitegar nered 244 visits i.0Onbfthestaffi r st
writers alEEE Spectruntook an interest in our work after visiting that wehstientacted the NASA GRC
News Chief, interviewed 2 of the AEC team members,randcanarticle viewed by 45,000 predominately
engineers and scientistsets first five days onlineand within a month had been viewed 50,000 times.
Consequently, the IEEE requested a full article for their monthly magd4ireAmerican Nuclear Society
also picked up the IEEE Spectrum article and published theirpi@ge The Asia Times published an
article after reviewing thd?RC journal papersin addition, Popular Mechanigaublished ararticle as a
result of visitingthe LCF websitand shared the LCF animation from the web3itee US Army requested
and received a briefing on September 14, 2020 that included civilians from the Naval Surface Warfar
Center, Indian Head.
The Workshop objectives were to disseminate and dighedgsdings published in th®@RCjournal
which were both successfully met and are detailed below. This report summariésrkisbop presenta-
tionsand includes he Panel i st s 6 a ruestiodahdAmrswel Sessioridie mletobconk , Q
tents ofand links taheNASA Theory and Eperimental Technical Repsrta nd t h e Pgaaphesl i st s 0

Workshop Objectives

Approximately B scientistsand engineerparticipated in th&-hour onlineworkshop where the AEC
team presented key results from tive publishecpapersThe presentations emphasizétferent forms of
electron screening in a confined lattened neutron recoil heatirtg initiate nuclear fusionThe objectives
of the workshopvere twofold

1) Disseminate the kegxperimental and theoretidahdings in the recently publishéthyscal Revew
C journal papers

2) ldentify challenges to théndings throughinvited questions ancritiques from all participants, and
feedback from invited panelists.
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https://www1.grc.nasa.gov/space/science/lattice-confinement-fusion/
https://spectrum.ieee.org/energywise/energy/nuclear/nuclear-fusiontokamak-not-included
https://www.ans.org/news/article-447/nasa-work-on-lattice-confinement-fusion-grabs-attention/
https://asiatimes.com/2020/09/nasa-lands-on-a-middle-path-to-nuclear-fusion/
https://www.popularmechanics.com/science/energy/a34096117/nasa-nuclear-lattice-confiment-fusion/

Presenters,Panelists and Attendees

The presenters werBr. Bruce Steinetz, (NASA GRCQr. Theresa Benyo (NASA GRC), Dr. Arnon
Chait (NASA GRC), Mr. Len Dudzinski (NASA HQ), Mr. Lawrence Forsley (GEC and NASA GR@),
Dr. Vlad Pines (Pines Consulting and NASA GRC).

The NASA Panel membenssere: Dr. Matthav Forsbacka (NASA HQ), Dr. Ron Litchford (NASA
HQ), Dr. Mike Houts (NASA MSFC) and Mr. Johre@t (NASA JSC).Each of the Panel members came
from different NASA Centers. They had also participated in previous NASA HQ requested reviews of the
AEC Project. Fthermore, each brought different, and independent, expertise to bear on liitlyival
Review Qpapers and the Workshop.

Some of the notablattendeesncluded Dr. Marla PerezDavis (GRC Center Directayr, Dr. John
Grunsfeld(former Associatddministrator for the Science Mission Directofater. Arden Bementfor-
mer NIST and NSF directpand Dr. Michael Salamon (former NASA Program Scienti&tveral partic-
ipants providedeedbackegardingpossible followon LCF research.

Background

The NASAPIlanetary Science Divisidmassuccessfully used radioisotoffeermaly poweredgenera-
torsfor decadesvheresolar power was
impractical. However, future missions
require higler powerlevelsand nuclear
enabled propulsionThe AEC project
demonstrated a new form of driving n
clear reactions without fissioning radic
active materialor using large lasers o
tokamaks to induce fusioffheir detec-
tion of latticeconfinemenfusion (LCF)
takes advantage of nenadioactive high
density deuterium held imon-actinide
metal latticestriggered bybremsstrah-
lung radiation to initiate fusion and othe
nuclear processes.

-
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Figure2: NASA Planetary Probes

Workshop Summary

A new way of both causing and studying long sotajter dD fusionwas presented during the work-
shopof fering the workshop participants a detailed o
Exposing deuterated Er and (Which hold cuteriumfuel at near stoichiometric levglsvith brems-
strahlung radiatiorthe teanreported that thewereable to cause reproduciblelfusion in metal lattices.
The starting fuel was tightly confinemithin the metal latticeThe teamalso developed a theory thet-
plains not only the D reactions but also how thattice provides screening to allow interaction with the
parent metal resulting i@ppenheimePhillips (O-P) deuteron strippingeactions
The environment is characterized as globally cold (ie. the fuel is at ambient temperature) yet locally
hot (where the average center of mass deuteron temperature is®36x#0her e phot o neutr o
deuterons to levels such that both primary fusiocues, as do subsequefOprocesses resulting in even
higher energy neutrons and the potential for reaction boosting aneupcale
The teamds atticedodimemenbfusionmas comparedo the other two common fusion
approaches: inertial confiment fusion and magnetic confinement fusibine teanbelievesthe theoretical
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foundationin the theory paper provides valuable insight into not only lattice confinement fusion but also
fusion processes across the spectrum.

The workshomrganizers alsmvited a panel of NASA senior engineers and managers to identify chal-
lenges to the theonand provide critiques to the recently published papers on lattice confinement fusion
theory and experimental results.

After each presentatioficxperimental Paper, Theory Papeanelist Sessioar Going Forward Ses-
sion), workshop participants were invited to ask questions of the preseht@re were insightful questions
asked andhe answers given by the presenteefped give the audience tmtinsight into the material
presented.

Comparison of Fusion ReactionTypes

Fusion reactions primarily consist deuterordeuteron (DD)deuterortriton (DT) and deuteroihe-
lion (D3He) reactions where tiiéle, or helium3, is known as a heliarThe primary DD reaction produces
either a proton and a triton or a neutron and a heBurBubsequent secondary reactions amongst these
products result in helium or alpha particles being producéd previous fusion research suchiaertial
confinement fusion, fuel (such as deuterium/tritium) is compressed to extremely high levels but for only a
short, nanesecond period of time, when fusion can occur. In magnetic confinement fusion, the fuel is
heated in a plasma to temperaturascimhigher than those at the center of the Sun. In the new method,
conditions sufficient for fusion are created in the confines of the metal lattice that is held at ambient tem-
peratureand loaded with the hydrogen isotope deuteriuat densities approachirid? ions/cn¥. Such
high fuel densities are greater than those available in current magnetic confinement (tokomak) fusion reac-
tors, which have densities of only't@ns/cnt. Also, previous deuterium (and tritium, another isotope of
hydrogen)usion research with tokamaks has relied upon temperatures 10 times the center of the Sun, yet
the NASA discovery accomplishes the same at room temperéfhike the metal lattice loaded with deu-
terium fuel may initially appear to be at room temperatiire,new method creates an energetic environ-
ment inside the lattice where individual atoms achieve equivalent fiesiehkinetic energies

Approach Core Density Confinement | Fusion
Diameter (ions/cm3) Time Initiation

Lattice ~Centimeters * Deuterated 102-10% Indefinite n heats “d”

Confinement (scalable) metals (e.g. (e.g. n from —_—

Fusion (LCF) ErDs; TiDy) photoneutron s y-beam sweep
(New Process) ¢ Other

New Process—>

Magnetic Meters * D-D 1014 Seconds Plasma
Confinement e DT

Fusion (MCF) TFTR >
(Tokamak)

Inertial <100-micron  * D-T hohlraum 10% Nano-seconds Laser Implosion
Confinement core * Other

Fusion (ICF) Omega~>
(LASER

Fusion)

Figure3: Comparisons among Lattice Confinement, Inertial Confinement and Magnetic Confinement Fusion

V2.0 3



Figure 3 compares three forms of fusion:

A Lattice Confinement Fusion (LCF):

o high density, long confinement, pheteutron initated< 17 64 keVhot
A Magnetic Confinement Fusion (MCF)

o low density, modest confinement, RF heating initiated10 keVhot
A Inertial Confinement Fusion (ICE)

o high density, brief confinement, laser compression ini{&8ed10 keV hot

Inertial and Magnetic Confinement Fusion

Whereas ICF and MCF maintain the DD or DT fuel as a gaseous plasma, LCRheepdk ofit as a
low temperaturedense plasma in a lattidéusion rateslependuponfuel density, confiement time and
plasma temperate.ICF and MCF rely upon alpha particlesinefficiently heat the entire the fudlotably,
the LCF deuteron fuel iglobdly at room temperaturdeut locally heated by neutrons and screened patrticle
recoils. FurthermorepothICF and MCFstart withradioactive tritium to improve thefusion probability.

ICF relies upon laser ablation and compression (direct drive) or induadoompression (indirect
drive). Consequenthgsthe fusingtargetrapidly expands and disassembths reactionstopsas thefuel
density and temperatudkop. MCF uses various combinations of rafliequency and ohmic heating to
simultaneously produce, compress and heat an underdense plasma. However, thes pliffscod to
maintainas it kinksand escapesor become contaminated by interacting with the vessel, stopping the
fusion reaction.

Photon beam

§
ST P

Lattice Confinement Fusion Reactions

LCF relies upon the electrand magnetiforces in- |l IET—
herent in a metal lattice to constraimoav temperature @ (e:g., Erbium)
plasma while the same electsoacreerand eitheren- ‘Bl00%0 Q @) Ql\uoeuteronfua
hance the fusion rater promoteinteractions with the |Lattice (A) or
metal latti@ via OppenheimePhillips stripping reac-| | Fusinreaction. @ W Soreened O-P reaction _
tions. These stripping reactions provide both additio p <D)
energetic particles and, by capture on the lattice, a me )

of forming new isotopes useful to medicingth other | : S =Y 5
applications The pathways are shown in the adjace’ '\ P : @0 QQ j
figure where: L : : bt

(A) Highly deuterated host metal materialsiaradiated o ; é'"""""""""":"/Ezfgc'rbeened
by X-rays (or gamma rays), whict sufficient en- | : : i s

. . . : ,E/ —Electron
ergy split deuteronsinto constituent neutrons (N)geciron :\. '

cloud
screening

and protons (p). CTMh
(B) Energetic neutrons impinge on and transfer ene ié') """"""""""""""""""""""""""""
to neighbo_ring deuterons (d), accelerating them © Eium @ accelerated deuteron (1) neutron
keV energies (4. @ static deuteron (@) proton 9 Helum-3
) photodissociated deuteron - - - electron cloud @ Thuium

Figure4: Latticeconfinementnuclearreactions

! https://commons.wikimedia.org/wiki/Category: Tokamak_Fusion_Test_Reactor#/media/File:U.S._Depart-
ment_of Energy-_Science-_114 035_002_(14281232230).jpg

2 https://upload.wikimedia.org/wikipedia/commons/8/86/U.S._Department_of Enef@gience-
282 022_002%2816502292185%29.jpg

V2.0 4



(C) Energetic deuterons)[dmpact and fuse with adjacent deuterons (d), resulting in standard products per
either of the following reactions:

d+d A n(2.45 MeV) + He3 (shown)or
d+d A p(3.02 MeV) + tritium.

(D) Some limited number @fccelerated deuteriumfd ar e screened by the neighb

shell electrons.

(E) d particles react with host metal atoms via Oppenhelltips processes, either absorbing the proton
(shown) or neutron and ejecting the remaininggetec particle.

Key Accomplishments

The workshop presented the key accomplishments completed during the experimental campaign that
culminated with the publication of the two journal papers.

A Demonstrated-® fusion inaunique environmertty usingroom temperaturéuel with locally
hot deuterons heated Iphotoneutronsr other neutron sources

A Measured nclear emissions by staté-the-art calibrated neutron spectroscapglicating fusion
neutrors andboostedhuclear reactios possibly lading to energy gain.

T

Correlatedobservationsvith modes, external data, and supportedthg physics community

A Gainedtheoreticainsightsfrom astrophysical modeling tddres Coulomb Barriereduction
via lattice electron screenirand predicted the rate ofld fusion reactions

o d-D interactions enhanced by favorable large/small angle scattering probability

0 High-Z interactions: @P processes benefit from increased nuclear tunneling probability
and futher creates hot reaction products n*, p*

A Developed critical concentration of expertise in multiple

disciplines, experimental and theoretical resources. I
* Primary DD fusion

Jh neutrons

h
ho8
8 &
;

KeyExperimental Results

g

In order to carnput this experimental program, the tedevel- l'l Secondary neutro
oped nuclear diagnostics capable of operating in a high radie i #;
backgroundand algorithms to separate gamma rays from neui ] ' H
signals for spectroscopyHigh-intensity primary bremsstrahlung T | 1 ‘k -J’-.\M—F

@
=1
A

s
L

Neutron flusnce (6 h)
=
3
T

from the Dynamitron bearand secondarfluorescence-rays were 2 1 2 etiron e eegy (e
the majorchallenges for postprocessing the detector signal, € DDFusian 45 eV neutron
thoughthe detectors were shielded in the lead cate.strategy was FTU |spectrum with NE213
to record all detector signals without any information loss with o I ]
fast data acquisition system throughth& beam exposure. A sophis . F ] powts
ticated modebased pulse shape discrimination (PSD) signal an: j w00 | U
sis procedure was developed for the postprocessing data analy: . Primary DD neutrors
Other modeling taken into cowgiration were radiation shield ' j;
ing, neutron scattering and detector responses, which led the tei . _-
devise methods of modeling electron screening, neutron heating . o :
fusion reactions. In particular, electron screening was found to e . ey 0

nentially increase urclear reaction rates and is important to ast Italian ENEA-Fusion Tokamak'!
“*Meutron spectrum in FTU ohmic discharges” Fig 10,

physics with regards to stellar evolution, prstar formation and nwps/ww.ars enea it/oasiio/meutronica/Neutronihemi
Figure5: LCF vs MQteutronenergies
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gas giant planets. Lattice confinement fusion requires Feéegenerate matter, where electron densities
are sufficiently high to require goum mechanical treatment. Ferdegeneracy is present in conductive
metals and it prevents white dwarf stars from collapsing. LCF energies are in the range of eV to multi keV
with MeV reaction products while overlapping the 1#e¥00 eV temperature rangad ion densities of

warm dense mattefhe team accomplished the following:

A Demonstrated feasibility of initiating fusion reactions with simple, relatively inexpensive equip-
ment

™

Developed and deployed nuclear spectroscopy in high gdraokground.

A Exploited neutrons to effectively heat deuterons in primary and subsequent reactions with the
well-screened cold target fuel

A Demonstrated impact of efficient electron screening on localized fusion rates in a dense fuel envi-
ronment

A Performed dision cycle at high fuel density inside a metal lattice, which enables subsequent reac-
tions with the host metal nuclei and other secondary processes

A Boosted fusion results indicate scaling path.

Detailed neutrorenergy spectroscopgdicated botHusion energie§2.45MeV) and neutrons having
greater than fusion energihe figure to the rightompares neutron spectra from the current wimg)¢o
the Italian ENEA Tokamak showing the same peak of fusion neutrons avi2v5

KeyThearetical Development Fusion Cross section vs Energy

Electron screening is essential for efficient nuclear e | 107X
sion reactions to occur. Screening effects on fusion re =y
tion rates as measured in deuteratgterials have beer|. = LCF " Screening enhances

nuclear reaction rates by
> 20 orders of magnitude

demonstrated to be import&fhtThe nuclear reaction ratt
includes two primary factors: the projectile nud@&vu-
lomb scatteringon the target nucleir tunneling through
the Coulomb barrier. During elastic scattering of charc| ™%
projectiles on a target nucle¢such as a deuterrsome | 1es v
of the energy of the projectile particle is transferred to - 0.1 1 10 100
target nucleus, hence heating it. Depending on the prc Kinetic Energy., ke

tile particle energy and the efficiency of kinetic ener ~ Electron Screened Enhanced Cross Sections
transfer during thescattering event, the target deuterc.. increase reaction probability

may become energetic enough to enable subsequen Figure6: Fusioncrosssection valeuteronenergy
clear fusion reactions via tunneling through the Couloi..

barrier.

Lattice screening potential, eV

Cross Section, bams

—e—— Bare

cee@eee 310
———-—= 1800
—-—A-—- 3500

A Neutron large angle scatteriigjthemost efficient means to heat cold deuterons, egmbstrah-
lung photoneutronand fusion neutronsostefficiently heat d tanitiate d-D fusion
A Global l,yodall goihot o
A Other neutron source may be substituted for phetatrons

A ScreeningShell, conduction, or plasma electrons

3 Strieder, F., et al.: Electre®creening Effects on Fusion Reactiddaturwissenschafte88, (2001), pp. 461467.
https://link.springer.com/article/10.108001140100267

4Bonomo C., et al.: Enhanced Electron Screenird{dnpt for Deuterated Metals: A Possible Classical Explana-
tion. Nucl. Phys. A 719 (2003. https://www.sciencedirect.com/science/arti-
cle/abs/pii/S0375947403009552?via%3Dihub
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A Unique environment for fusion

A Localized fusion rates enhanced by efficient electron screening in a dense fuel environment
(~10=fuel atoms/cr)

A Window into novel path of initiating-® fusion

A Essential role of electron screening in nuclear fusion: Seemingly negligiiiecritical

A Unified formulation of all screening types: shell, conduction, plasma channels created by
gamma and Compton electrons

A Increase in astrophysical fact8(E)due to screening independent of tunneling

A Largeangle scattering with screedcharged particleand neutrons

Figure7: Electron screen-
ing (lattice)A Large angle

Scatte:?f scattering ¢ (Region 3)
Cmi resulting in smaller dis-
Section tances between the deuter-

onsA quantum tunneling
becomes possible, increas-
ing transparency of Cou-
lomb barrierA increased
fusion probability

Scattering . . .
0 8 (Region 1) /2 O (Region 2) T Angle @ . A Kinematic equations for
calculations of all reaction
Figure7: Electronscreening andarge angle scattering product energies including

subsequent events
Panelist Feedback

The invited panel of NASA senior engineers and managers igertifallenges to the theory and pro-
vided critiques to the recently published papers on lattice confinement fusion theory and experimental re-
sults. The panel was comprised of the following individuals:

91 Dr. Michael Houts, Ph.D., NASA Marshall Space Flight Center, Principal Investigator for Nu-
clearThermal Propulsion

1 Mr. John Scott, NASA Johnson Space Center, Chief Technologist, Propulsion and Power Divi-
sion

1 Dr. Ron Litchford, Ph.D., NASA Headquarters, Space Technology Mission Directorate, Principal
Technologist for Propulsion

1 Dr. Matt Forsbacka, i?D., NASA Headquarters, Office and Safety and Mission Assurance, Di-
rector, Mission Assurance Standards and Capabilities Division

The panelists addressed general themes regarding how lattice confinement fusion is gaining acceptance
in thetechnical community, technical comments and questions, and next steps towards practical application

Dr. Michael Houts

Dr. Houts led a discussicabouthow feedback from the recently published papers could help guide
work going forward. Dr. Steinetz indiel that several dozen inquirieadbeen received in the few weeks
since publication of the papelde thendiscusedthe key topics th&hysical Review ®rought up by the
peer reviewers during the publication process.@ait provided background on ¢hdelay of the papers
due tobothpapers being reviewed in tandem and delays in getting comments from one of the peer reviews.
Dr. Steinetz noted all of the reviewers agreed that the papers merited publications. An area of technical
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feedbackwas discusserkgardng the topic of signal filtering related to neutron spectroscopy and discrim-
inating signals attributed to gamma radiation and
addressed questions regarding plasma conditions insaliel mateal.

Dr. Houts commented that a very limited number of people understood the concept of nuclear fission
at the time of its discovery in 1939 and approximately three years later the first-madarseklsustaining
fission chain reaction was demonstrated inGh&ago Pilel. He asked the team to comment on any par-
allels to lattice confinement fusion with regard to gaining general acceptandgh&tcommented that
the neatterm goals for lattice confinement fusion are driven by more modest power outpuhgeaser,
the technology could have scaling potential when integrated with more conventional nuclear fission sys-
tems.He went on to discuss that modeling and small scale experiments could be done by other groups at
relatively low cost that would further denstrate the utility of lattice confinement fusion and lead to
broader acceptance of the theoretical concept and its implementation in power syst&aitBliso high-
lighted that special nuclear material is not required and that the experimentsearetessal | y fAwal k
safe, so the barriers to entry to this field are relatively low. Dr. Houts concluded his portion of the panel
discussion by commenting that the potential for other groups to replicate the experimental methods given
its scalability andnherent safety characteristics is very encouraging.

Mr. John Scott

Mr. Scott noted the substantial progress in expressing the theory underlying lattice confinement fusion
since he was first exposed to the subject in 2017. It can be now be understooaispecialist audience,
and the theory is coherete commented that with respect to energy balance there remain unknown inter-
mediate charged particle reactions that could be controlling factors regarding the photon going into the
deuterated materiahd the resulting neutrons and additional photons that emanate from the lattice confine-
ment fusion process. This comment led to a discussion of how the process is controlbetedattice
confinement fusion is subjecttiseconcept of criticality ircontext of a sefsustaining reactiomr. Forsley
answered that the scale of the system in terms of neutron mean free paths is a determining factor in manag-
ing the neutron economy in a lattice confinement fusinabled energy production systeéfe wenton to
state that while the two papers that have been pu
confinement fusion, the research group has been developing the conceptual basis for relatively near term
realization of a practical power sggt. Dr. Benyo indicated that the incremental steps in the experimental
program have created the building blocks for extending the research towards realizing engineering solu-
tions. Mr. Scott also offered prdainsge tthhea tc atrhbeo nt eea
but is instead continuing to focus erploring the fundamental physics

Dr. Ron Litchford

Dr. Litchford provided further observations on the experiment and theory. He noted that publishing
the papers in tandem made the full story much more powerful. He observed that the experiment paper
clearly indicated meticulous execution and attentiotet@il. He highlighted that the work done in signal
discrimination and the attention to potential spoofing events lends a high degree of credibility to the over-
all effort. With regard to interpretation of the experimental results, he notetthétaam:

1 Showedwell-characterized neutron production rates and energy spectra

1 Demonstrated reproducibility with multiple Es@nd bare Er experiments

91 Provided a theoretically framed analysis and interpretation of results

1 Showed compelling evidence felectron screening in advancing the lattice confined fusion hy-
pothesis

With regard to the theory paper, Dr. Litchford noted that the novel physical mechanisms are rooted in
well-established foundational physics. The approach to parameterizing the tha@ergné of electron
screening parameters and the Coulomb barrier tunneling probability enhancement factor was helpful in
clarifying and quantifying the lattice confinement fusion process. Heralted hat the team had per-
formed an exhaustive evaluatiohcontributing mechanisms and niteal effecs such as:
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1 Enhanced Coulomb barrier screening mechanisms
1 Enhancd probability of largeangle Coulomb scattering
1 Enhancd secondary nuclear reactions

Dr. Litchford notedthe theory paper enablagriori predictions on known or estimable parameters
which enhances testability and verifiability of lattice confinement fusion.

Next Steps
I n the concluding portion of Dr . Litchfordds co
comments by Mr. Scottarslet t he st age for Dr. Forsbackadés comm

1 Fine grain quantification of primary/secondary contributing mechanisms will most likely help re-
solve masking effects from competing lattice confinement fusion processes
1 Further wok in resolving lattice structure effects could accelerate practical engineering solutions
by considering:
0 Fuel loading optimization
0 Screening dependencies in terms of lattice scales, void fraction, defects, dislocations, and
grain structure
o Engineered laite assemblies enabled by atomic layer deposition and epitaxial growth meth-
ods
1 Resolving fusion reaction energetics and overall fusion power yield

Addressing these topics will benefit understandihgain and power scaling, engineering assembly
configurations and process optimization, evaluating technical application scenarios, and @fltacen-
gineering practice.

Dr. Matt Forsbacka

Dr. Forsbacka focused his comments on practical applicationsvigrmystems by integrating lattice
confinement fusion with traditional nuclear engineering. The neutron yield of the lattice confinement fusion
process favors nuclear engineering solutions that operate on a fast neutron economy. Dr. Forsbacka pro-
vided theenergy dependent fission cross sectiong¥f and?8U which show that the two isotopesea
roughly equivalent when the fission inducing neutron is above 1 MeV. This obviates the need for using
special nuclear material and further confirmedCmait s ear | i er comment that the
ducting research in this area is much lower in comparison to systems requiring uranium enrich#éelin the
isotope. Whereas boosted thermonuclear devices operate on afiissavrfission principle an energy
producing system capitaliziran lattice confinement fusion would operate on a fudiesion-fusion prin-
ciple with depleted uranium that is incapable of sustaining a fission chain reactor on its own. Dr. Forsbacka
also suggested that a lattioenfinement fusion matrix containing tritium in lieu of deuterium may provide
a greater yield of high energy neutrons that will further enhance a practical-fission-fusion power
solution.

Panelist Session Conclusion

The panel discussion concludediwa question from the audience on what the next steps should be. Dr.
Forsbacka offered that the goals of the team will shape the future. One path could be to focus on continually
refining the science of lattice confinement fusion and attempt to makeidres applicable to a broad
spectrum of potential users. Another path could be to set a pragmatic engineering goal for a realizable power
system using lattice confinement fusion in a hybrid capacity with conventional nuclear engineering meth-
ods. Dr. Forshcka opined that the latter path is the quickest way to get lattice confinement fusion off the
lab bench and speed integration into power solutions of relevance to NASA missions and eventually to
other users.
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Attendee Comments

Positive comments from various attendees listed balmedthe AEC teanused recognizeskcientific
method andshouldpursue LCF further:

fil wish to thank you and all of the panelists yesterday for the superb and compelling presenta-
tions.As a former addor to the director of NASA Glenn (Larry Ross) and the NASA Adminis-
trator (Dan Goldin), | feel some of the pride that must permeate the Glenn experimental the the-
ory teamsThe work is outstanding.

Arden BementPh.D.(formerDirector of NSFand NIST)

fi BN event, very nice presentations and discussions. I'd be happy to be part of follow ups if there
is interest (e. g. ideas for next experiments, cross checks, etc). Also an interesting example of a
targeted workshop in the "new normal” of no ordiyny travel, which we might be stuck in for

a whileo

Thomas SchenkePh.D.(Lawrence Berkeley National Lab)

AiThank you for inviting me to attend y-esterday
gressduring these last few years in the conduct and findings of the experimental work along with
its theoretical underpinnings. Congratul ations

Michael Salamon, Ph.D. (former Program Scientist, NASA HQ)

fiét hat realy trrifig session, thank you!congratulate you and your team and look for-
ward to your further successas!!

Curt Brown (PointSource Energy)

fiThanks for including me in the virtual workshop todiewas glad to hear that other labs are
working in he area of LCFVerification by independent sources was mentioned by a nuclear sci-
entist friend as an important step in gaining acceptance ofdLCF.

Frank Lynch (Hydrogen Components, Inc.)

Going Forward Session

A ThePRCpapers demonstratepeatablé.attice Confinement Fusion initiated by bremsstrahlung
[ irradiation of deuterated lattices.

A The goal is to further understand and scale LCF through modeling, experiments and analyses.

A Modeling allows us to predict the bésttice materials, mass, geometry and reaction.rates

T

This understanding will lead to useful gain and scaling necessary for engineering and application.

A There is a fisweet spoto between neutron heatin
matter driven under electron screening.

A Subsequent work will explore neutron heating, screened charged particle scattering, and scal-
ing while searching for the sweet spot.

A Besides energy research, LCF provides means to explore electron screenedemsamatter,
laboratory astrophysics.
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Conclusion

The AEC Project demonstrated a new and unforeseen means of initiating fusion and other nuclear
reactionsFurther studyill examine means tecak the identified process providing the scientific founda-
tion to engineer aewdeep spacpower system If the process can be scaled to significant levels, it may
ful fildl NASAOGs mor e dmeanmed ahd mhptic nizsioesionNASAesdiroffsf o r
include manufacturing medical radioisotopes witteither highly enriched (HEU) or lownriched (LEU)
uranium. LCF technology developed for deep space poadidbe adapted to small scale terrestrial power.
However, additional research and development is necessary to reach sufficient power levels for space
operation let alone terrestrial power production.
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Appendix |: Questions/AnswerqQ/A)
Experimental Session Q/A

1) What are the prior experiments that showed novel reactions | mean what experiments got you in-
terested? Referencing slide 15

Brief Background/Timeline of Current Work

Date __ JActviy

2012-2016 AEC Project early years: investigated novel reactions observed in
highly deuterated materials using various initiation schemes

Feb. 2017 HQ Science Panel Review of AEC: Commissioned Bremsstrahlung
Radiation Test Campaign

Sept 2018 Briefed Findings to HQ Sponsor (Science Mission Directorate)

Oct 2018 Submitted two Articles to Phys Rev C lournal for consideration

2019 (various) Interactions with Journal Reviewers, Editors, Manuscripts

Dec 2019 Journal Papers Accepted for Publication

April 2020 Journal Papers Published On-line; April Issue of Phys Rev C

May 2020 Lattice Confinement Fusion Workshop

Figure8: AEC Project Timeline

We usedan xray CTscan device with a microfocus beamone of the earlier experimentshere

we exposed deuterated metals and deuterated polyethylene and discovereavaitpnoduced.

We also used @MV LINAC at Plum Brookwith a braking targeand exposed deuterated metals

We observed the production of M&9 which decays to 789, for instanceHoweverat that time

we did nothave the appropriate instrumentation to do newtpettroscopyWe were doing all the
research via preand postgamma spectroscopy and treating tasgest witness materisto see

what kind of reactions had occurred. The HQ Science Panel liked that but really wanted us to dig
deeper into the nature of those reactions sadeweloped realime neutron spectroscopndwe

were directed talo ths at an externadite.

2) Why are the error bars larger on the {emergy side of the neutron spectra?

The error barsre shown irslide 39 (below). The detectors were calibrated witaadard gamma
source which is in electron equivalent snito convertthe electron equivalent unit to neutron
energy, we uska conversbn methodwhich is an inverse problefike the neutronunfolding
algorithm Theconversion factor is nelinear, depending on the energgo theerror range is larger
atthe low end than the high end.
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Evidence of Higher Energy Neutrons (ErD,)
Neutron Spectra, Net: Fueled minus unfueled

SR )
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* Higher energy neutrons recorded for both ErD, samples; Potential sources:
* Meutron heating of d-fuel {Mean Free Path~1 cm)
* More likely: Screened Oppenheimer-Phillips Processes = energetic “n” (or “p”) ejected

Clear evidence of “subsequent” nuclear reactions occurring in high density fuel

Figure9: Lattice Confinement Fusion Repeatability, slide 39
3) What is the overall value for neutromput energy?

The average neutron energy fral@uterorphotodissociation is 145 keV and the maximum is

337 keV. The bremsstrahlung efmbintwas2.9 MeV and the deuteron binding energy of 2.22
MeV with a maximum difference of 674 ke®ince he proton and neutrdmvesimilar masses

any exceskinetic energyis equally shared between them so the excess energy is divided in half.

4) | am not clear on what and how you measured transmutted elementhé@ P reactions.

¥ Possible Screened Reactions with Base Metal @8 Evidence of Higher Energy Neutrons (ErD;)
ol Resulting in Fast Neutron Emissions ":'“““" Neutron Spectra, Net: Fueled minus unfueled
=
) Specimen TS 1576 (ErDs)
Specimen TS 1575 (ErD;) 350, .
150 2.9 MeV: 15 mA Beam (m‘;g, . 2.9 MeV; 15 mA Beam (E1309)
_. 300
Notes: (Decay E 300 i é 250 Uncertainty bars 30
22500 ]* . g
: " g 2o 2
4 : e - e g 150 g %0
SR o E L 3T 1| | & 100l l ‘;*X‘ 2 100
T THe [ 0 TV Stable 2 [ _Jr_d z
601 He 082 611 Y, Suable Z 5o T 4 i 50,
[Fried. v 104 d 12 403 TTy: Unstablc (positron docay: 326 min) ] ) . =l [
TTid. n iy a6l 4 040 491 Ty Unstablc (positron decay: 13,9 d) (@) 1 2 3 4 5 6 1
*Bald cnrics comespond to reactions that may result in the ncutron peaks in Figs. 5 and 6, Neutron Energy (MeV) Neutron Energy (MeV)

e afg?ﬂw * Higher energy neutrons recorded for both ErD, samples. Potential sources:

_i —Electron * Neutron heating of d-fuel (Mean Free Path ~1 cm)

o)

£ cloud * More likely: Screened Oppenheimer-Phillips Processes = energetic “n” (or "p”) ejected
screening
:
Figurell: Slide 4Xrom LCF Workshop FigurelO: Slide 39rom LCF Workshop

Fast neutrons > 3 MeV could be a function of both boosted fusion and stripping redtons.
measuredboth the neutron energy above the DD fusinargy shown in slide 39 and the possible
activation of the erbium and titanium lattices as seen on slidier 4flven neutron energy. Slide

41 also tabulates the deuteron and helion energies for various stripping reactions and the new sta-
ble or radioactie isotopes.
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5) Comment/suggestiominother commercial neutron source for neutron activation ang\gis\)
uses inertial electrostatic confinement (IEC) fusion for DD neutrongafdaagmedical isotopes,
a comparison of your approach to that would be interesting.

NAA is best performed with thermal neutrons as there is a 1/E relationship for most neutron cap-

ture save for narrow resonances at higher energies.-Rhetat r on e n aisedtpin- as weobv
duce fusion and stripping reactions, is a function of the bremsstrahlung energy and tkgigahoto

sociation thereshold. By choosing an appropriatepmalt, the majority of deuteron pheteeu-

trons can be tuned to be primarily thermal, with fegion reactions, without requiring modera-

tion as with IEC fusion neutrons.

6) How does the long term funding picture look for LCF within NASA?

Right now, the longerm funding for this work is undecided. We are very interested in hearing

feedback from all ofou on the value of this worlAnd certainly hearing thoughts on what are

the appropriate next steps for NASA to consi de
the potential here and so | think that with the publication of these papers go@msfidence that

under peer review the results stands up to scrutiny. So there is some credible work that is being

done here. That is a very important consideration. But, the team is right now formulating the next

steps and part of that formulation procesall of your feedback and that will be given considera-

tion in terms of what NASA decides what to do next.

7) How is it a fair comparison to "confinement" time, as locked in the solid this is just a fuelrtdnk
fusion occurs during the bombardment time? Tokamaks can hold their fuel indefinitely as can the
deuteratefritiated laser confinement fusion too. Thahks

The MCF deuteros remainsin a near vacuum ionizgalasna. Adding tritium brings additional
radioactive material handling and safety issues. Howeyesinply addingdeuterium gas to the
metal wehave a nuclear activieel pellets that can literallytson the shelf for months, years be-
fore you want to work with them.

With regardstoICH, t 6s true you can keep the fuel frozer
as you can maintain cryogenic temperatures. But once you begin the fusion process, the target
disassembles on the order of a few nanoseconds. Similarl\M&@# you can keephe gas at

very low density inside the tokamakit ance you begin to compress it, you get a whole series of
instabilities and as soon as that happens the plasma stops. In our case, as long as we continue irra-
diating it with the bremsstrahlung, we continaduse. Andn fact, our experiments ran as long

as 6 hours.

Theory Session Q/A

1) Karabut and Lipson used plasma ion bombardment of deuterated targets to prdldonzgech
photons. The process seems to have some relation tavgokir have you consideretat?

Yes, we arefamiliar with Karabut and Lipsgrend even better isan experimentdoneat Dubna
[Russian Joint Institute for Nuclear Researdijey used liquiddensity, gaseous]euterium in a
few cm length, tiny capuleand they used coppelLINAC acceleratowhich consumed 2EW of
powerfrom thewall butthey delivered kW outpysower continuously for 6 hours. lad a COP
(coefficient of performancedf 4%. If you substitutea copperLINAC accelerator with a super-
conducting LINAC you cutwall powerconsumptiorby 200 times so it will use only 100 We..
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2)

3)

4)

V2.0

Right away you get 10 times mop®wer production tharconsumptionWe 6 woeking on this
right now.

But Karabud and Lipso® work providesome initial interest. They had a series of papers and we
tried to connect with them buinfortunatelythey hadboth passed awayVe tiied to reproducea

lot of their work. Wedid experimentsvith the scanning electron microscoged glow and plasma
disctargef ol | owi ng up oTheseWere verp goodéesperimentddwever, pasma
screenings very poor so we decided toagtaway fromthe plasma experiment at the time, but
maybe in the future we could do some.

The researchivas successfudnd we developed diagnosticdor those systems. The other LCF
drives are advantageoifisve canscalereactionsat lower energinputsthanwe do withthe brems-
strahlung Thetheory paper shows both what you could do with electron screening and where it
falls off.

Does the probability of fusion go up significantly if a deuteron is accelerated from within a dense
cluster of D, e.g. C15 Laves Phase hydrides?

We acknowledgeone of our colleagudsrank Lynch(Hydrogen Components, Incdid a lot of the
deuterating and hydriding of various materifidr. Lou DeChiaro, at NSWC Dahlgren Division,
had suggested these and modeled them with DFT under AEC contract.]al@mnioughtto our
attentionthe Laves Phasmateria thatcanachieve evenhigher densitieshan what wepublished
here We did shoot at some ofthdmu t h a v e n 6the pdsiprbcesgediatae However, on
a cursory lookwe saw aproportionateuclearresponseising LavesPhasedeuteron storage

In steadystate opmtion, how long would it take to use up the deuterium that is loaded in the
lattice?

Thatgoes back to aalculation that was done awhile adfoa Watt is 132 to 10°reactionsde-

pending on how you calculate efficienciesd a mole is 1, then youcandivide anddetermine
how many seconds you can rywith 3 x 10 s/year, and to 10 reactions/watt/molejtd s
many dozens of years.&\did that calculation in the past v thinki t 6 s g dnithalfetileo b e
of a NASA mission.

Very nice work and new angle oteetronscreening in a fuel of low disorder. Seems hard to scale
if high energyneutronsare needed.

Liquid D isamaterial which possesegernal multiplication because if you have high energy neu-
trons theneutron deliverabouthalf of its kinetic energyon averaget@ad eut er on and
pretty good energetic neutron it has enokligietic energyleft over that can join another detda

so this is obvious for multiplicatiorDubna demonstrated there was enough neutrons that were
capable to fission palladium. But in Dubna they have fairly energetic gammadg9)3so when

they break deutera@with that gammayou get energetic proterand neutros capable of also
breaking a deutergisothere was a lot of multiplicatiorso quality offuel and quality oheutron
source is paramount.

15



Panelist Session Q/A
1) What is the timeline for taking the next step? And can you clarify Whiianhext step is?

We would like to hear from the panelists what they think the next steps should be.

From Matt Forsbackéirst, having the big goal establishbdlps define what the next steps really
need to be and what areas of engineering ddwve b startdialing into. Are we going tdhave a
purefusionpowersource or dybrid style approach offasion/fissionpowersaurcefor exampl@

It depends on how what you neddy advice is to queue up what is the prize and what are the
critical path stepso get to it. And to mgtd s b atsirniregdhke bekavior of thé-d system into
either a useful neutron source that drives the reacti@nseifcritical system that you ai@bleto
somehowmaintain

From Len Dudzinski: From the NASA HQ sponstand point, we are in the phase now where we

are disseminating the information from the pap
back and wedre |l ooking to the team to help for
it will take sone time to do that. There will be additional activities that the team will be considering

in the next few months to help them prepare a

sometime later this year. But we are looking forward to making a@idaadn the next steps.

Going Forward Session Q/A
1) Do youknow if electron screening effects have been observed if? ICF

Larry Forsley:l think to a degree they have been acknowledged but not much attention has been
paid to it. Those codes are primarily used in modeling hydrodynsamd grow out of a whole
different application ared@he 29 problem iselectron screening is so shtivted that there may not

be as much of an opportunity to bditk effect]out Theplasmaemperaturend density are in the
electron screeng region,but it has not received a lot of attentidishould ad there is a dsire to

keep electrons out of an IC&rget. Thesetargets are constructéthis is in directdrivavh i ¢ h | 6 m
morefamiliar with) sotheouter shells ablated awakeepng the low Zconstituents low atomic

number from heating up The electrons get trapped in the field of the laser itselftlagyg escape

aftert h e yadceleeatd to many MeVandheatupthecore |t 6s harder to squee
thansomething cold.f a lot of wayd think the ICF community hasteered away fromiscussions
aboutelectrons in generaind that may be part of the reason

2) What is the most important prior exfimentin your reerencdist?

Larry Forsley:Probably DubnaThe Dubna experiments that Vlad mentioned where they had high
pressure D gas and Pd irradiated lyemsstrahlunghoton beanas ours wasOne of the authors

of the Dubna workAlex Didyk, and Ihad mein SouthKoreaand discussed this over a numbgr o
yearsUnfortunatelyh e passed away in 2016 and itdés only I
thatthe boostinghatwe sawis likely acombination of @penheimeiPhillips, stripping reactions

[and hot deuterons fusing]Heated deuterons woulé¥e had a much larger effect in their system

because they had a lot more deuterons than wéijaal larger sample.

3) The electron screening can be time dependent, changing on the femtasedenedspecially when
parametric pumping is used to "hetiteé deuterons.
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Larry Forsley:When we initially did these experiments, waeda LINAC with rise and fall time

micropulses of about 10 picosecondsting close to femtosecond scalél'he Dynamatron we

used $ a CWdevice and so we did not benefit fronetscreening occurring on close to femtosecond

time scales. Still, even at 10 picoseconds we are way off from that but | | webre gettio
that region so tils mightvery wellbegood way to heat them.

4) Could supercapacitor technology be usedreate enhanced screening effect®u mentioned
lattice defects is there time for d filling therm

Larry Forsley: What an interesting questibn. d o n § but Ikuppmse t 6 s wort h consi
because one of the ways of making the supercapacitor is you have a screenifgdiimvill on

the surfaceso you can imagine something like layers of graphene so | could imagine this could
create enhanced screening effects.

Theresa Benyo: Or kind otlated to that, what about superconductivity? You could really pump a
lot of electrons through a superconductor.

Larry Forsley: This is true and you could even in fs®a quenched supercondacto suddenly
provide a lot oinstantaneouslectrons
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